This paper analyses the impact of the variability and periodicity of rainfall on the reliability of water supply systems in Scotland. A conceptual rainfall-runoff model was used to simulate catchment runoff, and the reliability of 29 notional and six actual reservoirs was calculated using a simple storage model. The relationship between water supply reliability and the variability of rainfall was then investigated using different measures of variability. A strong correlation was found between reservoir reliability and measures representing the distribution of rainfall between the winter and summer seasons, as well as the cumulative sum (CUSUM) of annual precipitation, quantifying the variability of rainfall between years. In contrast, mainly the intra-annual CUSUM range and the variance of monthly precipitation influenced the reliability of river-intake schemes. The presence of periodic patterns in rainfall anomalies was found to be more prevalent in West Scotland, where reservoir reliability is on average lower than in the East. In addition, a sensitivity analysis revealed the small influence of evapotranspiration on reservoir reliability in comparison to rainfall variability. This study reveals the measures of variability most affecting the reliability of surface water supplies in Scotland, and could therefore help with their management in the context of future climate change.
INTRODUCTION
Scotland receives approximately 1,400 mm of precipitation per year averaged over the period 1914 -2004 . Given this abundance of precipitation and that it has increased in recent decades (Werritty & Sugden ) , particularly since the 1970s (Afzal et al. ) , one would expect the reliability of water supplies not to be of concern. However, the increasing trend in annual precipitation is possibly the result of an increase in high intensity rainfall events (Fisher & In addition to the regional variations in precipitation and demand levels there is evidence of an increase in rainfall variability, as expected with intensification of the hydrological cycle in a warming climate (Fisher & Rubio ) . For example, the winter to summer (w/s) ratio and the intra-annual variance of precipitation have increased in Scotland during the period 1961-2000 (Afzal et al. ) ; the former is the result of winters becoming wetter and summers drier (Barnett et al. ) . This increase in rainfall variability could outweigh the trends towards increasing total annual precipitation, as seasonal patterns revealed by the w/s ratio, for example, are hidden when precipitation trends are calculated at the annual timescale. In England and Wales, for instance, Jones & Conway () reported no long-term trend in total annual precipitation as the increase in winter precipitation was nullified by a decreasing trend in summer rainfall. An increase in the variability of rainfall could potentially impact negatively on the reliability of water resources, especially if evapotranspiration increases in a warmer climate.
Evapotranspiration is another key component of the hydrological cycle influencing catchment runoff and consequently reservoir recharge. With a warming of the atmosphere, an increase in evaporation is expected (Fisher & Rubio ) . Using the UK Met Office Rainfall and Evaporation Calculation System (MORECS), Kay et al. () reported an increase in evapotranspiration during the period 1961-2012 across the UK, including Scotland, but noted that spatial and seasonal variations remain to be analysed. Nonetheless, climate models project an increase in evaporation in the summer under climate change (Wade et al. ) . This increase in evaporation, combined with greater variations in rainfall between seasons and from year to year, as well as changes in extremes, will inevitably influence catchment runoff and consequently have implications for water resource systems.
In Scotland, approximately 93% of water resources originate from surface sources. This is in contrast to England and Wales, where groundwater provides about 35% of public water supplies (Wright ) . The relatively low groundwater use in Scotland is because of its limited availability for geological reasons (Anderson ) , with highly productive aquifers restricted to the South West and Fife (MacDonald et al. ) where they contribute significantly to water supply. For example, in the Dumfries and Galloway region of south-western Scotland, groundwater contributes up to 20% of the total available yield (Wright ) . In terms of surface water supplies, there are large differences in the size of the developed resources, ranging from Loch Lomond with a yield of 455 Ml per day ( Jowitt & Hay-Smith ) , to more than 100 operational sources each with a yield of less than 0.01 Ml per day. Furthermore, more than 50% of these operational sources are from river-intake schemes that extract water directly from rivers and burns, with no storage capacity other than the catchment itself (i.e. soil moisture). Such schemes are particularly prevalent in the North of Scotland (i.e. Highland and Grampian regions) (Wright ) .
Climate variability plays an important role in determining the availability of water resources (Brown & Ward ).
The North Atlantic Oscillation (NAO) is a major source of inter-annual climate variability in Europe, especially during the boreal winter. It refers to the difference in atmospheric pressure at sea level between the Icelandic low and the Azores high (Hurrell ). Higher than normal pressure for the Azores high compared with lower than average pressure for the Icelandic low is called a positive NAO state. During such a state, the meridional pressure gradient is enhanced, thereby leading to a predominance of westerly winds and storm tracks passing over northern Europe (Hurrell et al. ) , including Britain (Werritty & Foster ) . Therefore the climate over the UK is typically wetter in a positive NAO state in comparison to a negative NAO state, when it is southern Europe that experiences a wetter than average winter (Trigo et al. ) .
Another mode of climate variability affecting the UK is the Atlantic Multidecadal Oscillation (AMO), which is an oscillation of sea surface temperatures in the North Atlantic Ocean. A positive phase of the AMO is associated with a decrease in mean sea level pressure over the North Atlantic and higher than average precipitation over the UK, particularly during the summer and autumn months. An opposite climatic signal to that of north-western Europe is observed in North America during a positive phase of the AMO (Knight et al. ) , and Enfield et al. () showed that the climatic impacts of the AMO influence the variability of reservoir inflows in the United States.
An understanding of climate variability is thus essential to water infrastructure planning (Mason ) , as it determines the favourable type of water supply system (river intake scheme or reservoir) and the size of the latter. If the average inflow is sufficient to meet the demand and the variability is low, the amount of storage required will be small. However, for the same average inflow but with a large variability, more storage will be needed to meet the same demand. The assessment of climatic risks to water supply systems is typically based on information gathered from historical records, with the assumption that the climate is stationary (Milly et al. ) , an approach which is unlikely to be justified under climate change. Fowler et al.
() suggest that the potential increase in climate variability under climate change is of greater concern to water resources than changes in mean climate. Thus, quantifying the impacts of climate variability on water supply systems, as well as determining the measure of variability most affecting their reliability, can provide useful information to water resource managers.
Even though Scotland is dependent on surface water supplies to meet demand, little attention has been given to date on the effect of rainfall variability on water resource systems in the country. Hence, this paper aims to improve our understanding of the role of climate variability on the reliability of water supply systems in Scotland. The objectives are: (1) to examine the temporal and spatial distribution in reservoir reliability across Scotland; (2) to investigate the relationships between the reliability of water supply systems, including reservoirs and river-intake schemes, and the variability and periodicity of rainfall; and (3) to assess the contribution of variations in climatic variables other than precipitation on the reliability of water resources.
In the following section, the sources of data and the analytical methods used in this study are explained. The results section is divided into five components. First the results of the calibration and validation of the rainfallrunoff model are described. Second, temporal and spatial patterns in reservoir reliability across Scotland are depicted.
Third, the results of the correlation analysis between different measures of rainfall variability and the reliability of the river-intake schemes and the storage reservoirs is presented with the aim of determining which variables are most closely connected with the performance of these two types of surface water supply schemes. Fourth, the influence of the periodicity of rainfall on the reliability of storage reservoirs is presented. The last part of the results section presents the contribution of evapotranspiration, and the climatic variables used to calculate it, on water storage reliability.
METHODS

Sources of data
Climatic data (i.e. rainfall, maximum and minimum temp- Figure 2 depicts the location of the river catchments, the river-intake schemes, and the case study reservoirs with their storage volumes. The selection of the eight catchments whose data were used to calibrate the R-R model was based on the availability of river flow data for a minimum continuous period of 10 years, and the quality of the climatic data at a weather station located in close proximity to a gauged catchment. Small catchments were preferred for the model calibration, given the dependence of Scotland on water supplies from small rivers (Smith ) . This is because the majority of reservoirs in the UK are in upland areas, and are therefore fed by rivers with small catchments (Orr et al. ) . It was also aimed to have a reasonable spread of catchments across Scotland. The Scottish Environmental Protection Agency (SEPA) and the Centre for Ecology and Hydrology (CEH) provided the daily river flow data for the eight catchments (Table 2) . Scottish Water provided daily water abstraction data for between reservoir reliability with different measures of rainfall variability.
The conceptual R-R model
A conceptual R-R model was used to generate catchment runoff, which then served as input into a reservoir model.
Model generated runoff was used so that the effect of various patterns of rainfall could be investigated and because long records of reservoir inflow are scarce in Scotland and even unavailable for many reservoirs ( Jowitt & Hay-Smith ) . In order to investigate the effect of reservoir characteristics on reliability, the concept of notional reservoirs was used. A notional reservoir was considered to be a hypothetical reservoir that is not connected to other sources and which has arbitrary storage and demand characteristics.
The R-R model was based on the probability distribution 
where O i and S i refer to the observed and simulated river flow data, respectively, and Ōis the mean of the observed data. By applying the logarithmic values, the peak flows tend to be flattened while low values remain unchanged; The river flow time series were divided into two with the first half used to calibrate the model and the second half to validate it. The calibration procedure consisted of adjusting manually the five tuneable parameters to achieve the best model fit, with the latter assessed using the logarithmic value of the NSE coefficient as described above.
Reservoir model and reliability analysis
The operation of the reservoirs was modelled using a simple tank model with the storage volume of a reservoir, S, at time step t þ 1 calculated using the following equation:
where Q t and D t are the inflow and outflow into and out of the reservoir, respectively. For simplicity, it is assumed that the net precipitation (precipitation-evaporation) on the reservoir surface as well as seepage into groundwater is negligible.
Reliability was used to determine the performance of the river intake schemes and storage reservoirs. It is defined as the probability that a given water supply will meet the demand in any given year (McMahon & Adeloye ). In this study, the time-based definition of reliability was used.
For every year, the reliability, R, of the reservoirs was calculated as:
where N f is the number of failure days. A 'failure' was arbitrarily defined to have occurred when the reservoir volume fell below 30% capacity, as supply restrictions are often initiated when this threshold volume is reached (Kiem & Franks ) . For the two river-intake schemes a 'failure'
was recorded when the river flow after abstraction was Three important characteristics of a reservoir are its storage volume, annual inflow, and annual demand. The storage volume and annual demand can be expressed as non-dimensional ratios by dividing them by the mean annual inflow. Hence, the storage factor was defined by:
where S is the storage volume of the reservoir and Q av is the average daily inflow (m 3 /day). This storage ratio is a good indicator of the resilience of a water supply system to climate variability, with systems having a large volume of storage in comparison to their inflow more likely to be able to withstand a prolonged drought (Smith & Bennett ) . The demand ratio was defined by:
where Q d is the average daily demand. The storage and demand ratios of all case study reservoirs remained between 0 and 1 (Figure 3 ).
To examine the temporal variability in the reliability of the notional reservoirs, the precipitation time series at each of the 40 weather stations was divided into three time periods of 15 years each, i.e. 1961-1975, 1976-1990, and 1991-2005 . Then, the reliability of 29 notional reservoirs consisting of different combinations of storage and demand ratios (i.e. one for each combination of storage and demand ratio varying from 0 to 1.0 with an interval of 0.2) was calculated using the above rainfall datasets. As mentioned above, the R-R model was calibrated over eight gauged catchments, resulting in eight parameter sets. To simulate the inflow into the notional reservoirs, the mean of those eight values was used for each of the five model parameters. The constant catchment parameter set was used so that attention would be focused on the effect of the storage characteristics of the reservoirs. At each weather station the mean reliability value was computed for each of the three time periods.
The mean reliability for each combination of storage and demand ratio is shown as a contour plot in Figure 3 , together with the reliability of the six actual reservoirs. The Knockquhassen, Loch Calder, and Dhu Loch reservoirs have, on average, over 80% reliability, whereas the Glendevon reservoir, located in a drier part of Scotland, has the lowest reliability of the six actual reservoirs due to its low storage ratio and high demand ratio. This study assumed a constant storage and demand ratio with time. However, these could vary between years, since both the storage and demand ratios are functions of reservoir inflow and the demand ratio is also calculated using the average daily demand.
Measures of variability
The following nine measures of rainfall variability were computed.
Variability within a year: intra-annual variance, intraannual cumulative summation (CUSUM) range, w/s ratio, and ratios of winter and summer precipitation to total annual precipitation.
Variability from year to year: coefficient of variation, CUSUM of annual precipitation, annual number of dry days, and average length of a dry spell per year. A dry day was defined as when precipitation was less than 0.2 mm (Afzal et al. ) or when the effective rainfall was equal to zero.
The intra-annual variance of precipitation was calculated using monthly precipitation totals, as daily data include days without any precipitation, which would result in a distorted variance value. The CUSUM refers to the cumulative sum of differences between the values of a time series and its average. For example, let X 1 , X 2 , …, X 365 represent the daily values of an annual precipitation time series and X the mean of that time series. From this, the cumulative sums, S, are calculated using the following equation:
for i ¼ 1, 2, …, 365. The cumulative sum begins with S 0 ¼ 0 and because the average is subtracted from each value, the cumulative sum also ends at zero (S 365 ¼ 0). For each year, the annual CUSUM range was calculated by subtracting the maximum CUSUM value from the minimum CUSUM value. Thus, the intra-annual CUSUM range is a measure of the temporal distribution of rainfall within a year, with a small value meaning that rainfall is more uniformly distributed throughout the year (Afzal et al. ) . Both the intraannual variance and the intra-annual CUSUM range were normalised by dividing by the square of the mean and the mean, respectively.
Seasonal changes in precipitation were calculated using the w/s ratio of precipitation, which in this study is defined as the ratio of average precipitation from December through February to average precipitation during the June-August season.
The CUSUM of annual precipitation was also computed using Equation (6) Relationship between reliability of water supply systems and the variability and periodicity of rainfall To investigate the relationship between rainfall variability and reservoir reliability, the rainfall time series of each of the 40 weather stations were divided into time periods of 20-30 years (depending on the length of data records available), creating a total of 87 rainfall datasets. The reliability of a notional reservoir having the mean storage and demand ratio of the six case study reservoirs was calculated for each rainfall dataset (and as above using the mean catchment characteristics of the eight calibrated R-R models to simulate reservoir inflow). The reliability datasets were then correlated with nine measures of variability, which were constructed using the rainfall datasets, for the same time periods.
A visual inspection was performed to determine whether there is any association between reservoir reliability and the peak periodicities calculated over the same time period in terms of both the amplitude and period of the variation. In addition, the reliability of the two river-intake schemes was calculated at the annual timescale during the periods 1976-2005 and 1963-2005 for the Strontian and Killicrankie rivers, respectively, and was then compared with the variability of rainfall at the nearest weather station.
Re-sequencing of the rainfall time series
Re-arranging the rainfall data created a number of semiartificial rainfall patterns that were used to investigate further the relationship between extreme rainfall patterns and the reliability of both storage reservoirs and river-intake schemes.
This was done to examine the influence of droughts over periods longer than seen during the study period on reliability. The re-sequencing was performed on effective rainfall data; consequently, other meteorological data such as sunshine duration, and maximum and minimum temperatures, which were used to estimate evapotranspiration, did not have to be re-sequenced separately. The method consisted of increasing the concentration of rainfall into two, three, four, and five rainy periods in each year by breaking the daily non-zero rainfall data over a year into equal continuous periods of rain separated by dry periods of the same length.
As an example, Figure 6 illustrates the re-sequenced effective rainfall time series at Balmoral.
The effect of evapotranspiration on the reliability of water supply systems Evapotranspiration was estimated from maximum and minimum temperature and sunshine duration data obtained from 21 weather stations across Scotland, in addition to wind speed, which was assumed to be constant at 2.5 ms -1 . This subset of the 40 weather stations was selected because the climatic variables used to calculate evapotranspiration were only available at those weather stations. The analysis was performed over the period , given the availability of the sunshine duration data during that period only.
In the first instance, a sensitivity analysis was performed to assess the influence of each climatic variable on the estimate of evapotranspiration. Then, to determine the effect of changes in evapotranspiration on reservoir reliability, evapotranspiration was arbitrarily increased by 5% and the resulting change in reliability was calculated. Kay et al. shows the relationship for the 8-year validation period.
The model performance was considered satisfactory given that it is modelling the effect of a variety of catchment characteristics such as topography and the conductivity, The sensitivity of the model to the changes in the values of the five calibrated parameters showed that the model is most sensitive to changes in the value of the translation diffusion coefficient, λ, with a 5% increase in the value of that variable resulting in a change in runoff greater than 2%. The percentage change in runoff resulting from a 5% change in the value of each of the four other tuneable parameters resulted in an increase/decrease in runoff of 0.5% or less (Figure 8 ).
Spatial and temporal patterns in the reliability of notional reservoirs
A clear East-West pattern is seen in the average reliability of the notional reservoirs during the period 1976-1990, with higher reliability values observed in the East than in the West (Figure 1 ). This spatial pattern in reservoir reliability reflects the spatial distribution of rainfall variability across the country, with reliability being lower in the West where rainfall is on average more variable than in the East (Afzal et al. ) . In addition, reservoir reliability has decreased slightly over time from an average of 79% during the 
Relationship between reliability of water supply systems and rainfall variability
In view of the range of variables measuring different aspects of rainfall variability, it is useful to investigate which variables are most closely connected with reservoir performance.
Eight out of the nine measures of rainfall variability showed a statistically significant correlation with the average reliability of the six case study reservoirs. The strongest correlation is seen for the w/s ratio of precipitation (Figure 11(a) ).
It was found that both an increase in summer rainfall as a proportion of total annual precipitation, and a decrease in winter precipitation as a proportion of total annual precipitation, increase reservoir reliability (Figure 11(b) ), which reflects the fact that water supply systems are more likely to fail during the summers months in the UK when precipitation is lower and demand higher. The combined effect on reservoir reliability of precipitation during all seasons as observed using the normalised CUSUM of daily precipitation was slightly weaker, although still statistically significant (Figure 11(c)) . A relationship of similar magnitude was seen between the normalised intra-annual variance of monthly precipitation and reservoir reliability (Figure 11(d) ).
A statistically significant correlation was also observed between reservoir reliability and measures representing the variability of rainfall between years. A strong relationship was noted with the normalised CUSUM of total annual precipitation ( Figure 11 (e)), although it is weaker than for the w/s ratio, while the coefficient of variation showed a weak correlation with reservoir reliability (Figure 11(f) ). The annual number of dry days was unexpectedly found to be positively correlated with reservoir reliability (Figure 11(g) ),
although the relationship is weak. This could be due to the sequences of dry days within a year, which can be made up of many short dry periods that have little impact on reservoir reliability. There is also a possibility that this could be the impact of more precipitation, but coming from fewer wet days. Figure 11 (h), which includes re-sequenced rainfall data,
shows that there is no significant relationship between reservoir reliability and the average length of a dry spell in a year.
The above analysis demonstrated that the measures related to the distribution of rainfall within the year were seen to be the best indicators of rainfall variability with regards to the reliability of storage reservoirs in Scotland. Figure 11 | Relationship between the reliability of a notional reservoir having the mean characteristics of the six case study reservoirs and various measures of rainfall variability: w/s ratio of precipitation (a), ratios of winter (w) and summer (s) precipitation to total annual precipitation (b), normalised intra-annual CUSUM range (c), normalised intra-annual variance (d), normalised inter-annual CUSUM range (e), coefficient of variation (f), annual number of dry days (g), and average dry spell length (h). Synthetic rainfall data were used in figure h. Bold R 2 values are statistically significant at the 95% confidence level.
These included the w/s ratio of precipitation and the proportion of summer rainfall to total annual precipitation.
Some measures related to the variability of rainfall from year to year were also found to significantly influence reservoir reliability, in particular, the CUSUM of total annual precipitation, suggesting the potential influence of rainfall periodicities on reservoir reliability.
The w/s precipitation ratio was not seen to significantly influence the reliability of the river-intake schemes (Figure 12(a) ), nor did the ratios of winter or summer Figure 12 | Relationship between the reliability of two river-intake schemes and various measures of rainfall variability: w/s ratio of precipitation (a), ratio of winter precipitation to total annual precipitation (b), ratio of summer precipitation to total annual precipitation (c), normalised intra-annual CUSUM range (d), normalised intra-annual variance (e), annual number of dry days (f), and average dry spell length (g). Synthetic rainfall data were used in figure g. Bold R 2 values are statistically significant at the 95% confidence level. Relationship between reliability of water supply systems and the periodicity of rainfall Relationship between reliability of water supply systems and evapotranspiration
The sensitivity analysis of the components of evapotranspiration revealed that sunshine duration is the climatic variable that has the greatest influence on evapotranspiration, but temperature is also significant (Table 3) , which is consistent with the work of Gao et al. () in China.
Due to the limited availability of wind speed data at many weather stations, a constant wind speed value was used; although wind speed was found to influence the estimate of evapotranspiration, it was less significant than the other climatic variables.
It was also shown that a 5% increase in evapotranspiration in the R-R model (keeping rainfall unchanged) decreased reservoir reliability by less than 1% with the exception of one time-period at one reservoir ( Figure 15 ). This is because this 5% change in evapotranspiration 
CONCLUSIONS
The motivation of this study was that a warmer climate under global warming will intensify the water cycle, leading to an increase in the occurrence of extreme events as well as An increase in rainfall variability, including the presence of periodicities, is of particular concern to Scotland whose water supply originates mostly from surface sources.
Hence this paper provided an insight into the relative importance of climate variability on the reliability of water resource systems in Scotland. It was found that the temporal distribution of rainfall within a year, and in particular the w/s ratio, significantly influences reservoir reliability. In addition, reservoir reliability was found to be influenced by variations in precipitation from year to year as measured by the CUSUM of annual precipitation. However, the w/s ratio was found not to significantly influence the reliability of river-intake schemes, which was rather related to variations in the intra-annual CUSUM range and the intraannual variance of precipitation. In addition, the presence of periodic patterns in rainfall anomalies was found to be more prevalent in the West, and accordingly reservoir reliability is, on average, lower in the West than in other parts of Scotland.
The results of this study do not foresee an alarming trend in water supply reliability across Scotland, as the decrease in reliability seen over the last few decades has as yet been modest in comparison to the percentage of water lost through leakage, for example, the latter accounting for 34% of the water abstracted nationally (Scottish Water, personal communication, July 2013). Nevertheless climate models predict enhanced seasonality under climate change (i.e.
wetter winters and drier summers) and bearing in mind the significance of the w/s ratio observed in this study, a decrease in the yield to demand ratio might become a concern in some localised areas, particularly if climate change also leads to an increase in the demand for water (Arnell ) . An increase in variability at shorter timescale, as represented by the variance of precipitation between months, under climate change, would also negatively impact on the supply of water from river-intake schemes, which is the main source of water in many parts of the country.
This study has some limitation, however. It should be noted that the correlation analysis between the different measures of rainfall variability and the reliability of storage reservoirs was not calculated at individual reservoirs, but on a notional reservoir having the mean characteristics of the case study reservoirs. As six reservoirs and two riverintake schemes were used, the current analysis does not include a comprehensive analysis of water supply systems across the country, but does provide a synopsis of the role of the variability and periodicity of rainfall as well as evapotranspiration on the reliability of surface water supplies in Scotland, a topic that has to date not been given sufficient attention. Further research will assess how climate variability is projected to change under climate change and its potential impacts on the reliability of water supply systems in Scotland.
